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Assessing the impact of posture on diaphragm morphology 





Purpose: The diaphragm is the most important muscle of respiration. Disorders of the 
diaphragm can have a deleterious impact on respiratory function. We aimed to evaluate 
the use of an open-configuration upright low-field MRI system to assess diaphragm 
morphology and function in patients with bilateral diaphragm weakness (BDW) and 
chronic obstructive pulmonary disease (COPD) with hyperinflation.  
 
Method: The study was approved by the National Research Ethics Committee, and 
written consent was obtained. We recruited 20 healthy adult volunteers, six subjects with 
BDW, and five subjects with COPD with hyperinflation. We measured their vital capacity 
in the upright and supine position, after which they were scanned on the 0.5T MRI system 
during 10-second breath-holds at end-expiration and end-inspiration in both positions. 
We developed and applied image analysis methods to measure the volume under the 
dome, maximum excursion of hemidiaphragms, and anterior-posterior and left-right 
extension of the diaphragm. 
 
Results: All participants were able to complete the scanning protocol. The patients found 
scanning in the upright position more comfortable than the supine position. All 
differences in the supine inspiratory-expiratory parameters, excluding left-right 
extension, were significantly smaller in the BDW and COPD groups compared with 
healthy volunteers. No significant correlation was found between the postural change in 
diaphragm morphology and vital capacity in either group. 
 
Conclusion: Our combined upright-supine MR imaging approach facilitates the 
assessment of the impact of posture on diaphragm morphology and function in patients 
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The diaphragm is the most important muscle of respiration (1,2). Its disorders can have 
a significant deleterious impact on respiratory function. The clinical manifestation is 
often insidious and dependent on the underlying aetiology and disease severity (3). 
Patients with severe bilateral diaphragm weakness (BDW) frequently present with 
shortness of breath on exertion, breathlessness on lying supine, and disturbed sleep (4,5).  
 
Diaphragm function can also be impaired in a range of other respiratory diseases, 
including chronic obstructive pulmonary disease (COPD) with chronic hyperinflation, 
where diaphragm fibres are shortened, impairing its force generating-capacity (6,7). A 
decrease in the diaphragm curvature and the zone of apposition, coupled with the change 
in the mechanical arrangement of diaphragm fibres, contribute to compromised 
diaphragmatic function (6).  
 
A range of approaches have been used to assess diaphragm function, although none 
optimally address both structure and function. Pulmonary function tests, particularly 
measurement of vital capacity in upright and supine positions, are the most commonly 
used first-line diagnostic tool (3,8) but provide no anatomical information. 
Videofluoroscopy can provide dynamic functional information (8). However, the 
breathing pattern changes in BDW and pathology may be missed (9). Additionally, 
videofluoroscopy is effort-dependent (1).  
 
Ultrasound is increasingly used to assess the dynamic change in diaphragm thickness 
with respiration (3,8), but it is relatively low resolution. As the diaphragm is poorly 
echogenic, its identification is dependent on bright echoes reflected from the attached 
parietal pleural and peritoneal membranes, and the underlying organs. Hence, visualising 
the right hemidiaphragm overlying the liver is easier than visualising the left 
hemidiaphragm that is adjacent to the gastric and intestinal gas (8). The diaphragm 
borders are poorly defined on ultrasound; hence, quantitative volumetric assessments of 
diaphragm excursion are relatively inaccurate (8). Additionally, ultrasound images are 
operator dependent: the position and angulation of the transducer is crucial and can be 
challenging to maintain during the respiratory cycle, risking poor visualisation.   
 
Computed tomography (CT) is the primary cross-sectional imaging modality used in 
investigating the aetiology of BDW (9). However, conventional CT requires the subject to 
lie down in the scanner, which can be problematic in those with diaphragm weakness. 
Additionally, CT scans involve exposure to ionising radiation. 
 
Given the above limitations, there has been an interest in the use of magnetic resonance 
imaging (MRI) for diaphragm imaging (10-12), particularly as MRI is operator-
independent and allows three-dimensional characterisation of morphological changes of 
the whole diaphragm. However, many patients with respiratory disease will have 
difficulty with the need to lie flat and some may find even wide-bore MRI scanners 
claustrophobic. Hence, conventional MRI is not used routinely in clinical settings to 
assess patients with potentially abnormal diaphragm function.  
 
This pilot study aimed to assess the feasibility an open-configuration upright low-field 
MRI system to compare diaphragm morphology and function during the breathing cycle 
in sitting and supine positions in healthy volunteers and subjects with BDW and COPD 
with hyperinflation. Furthermore, the difference between different disease pathologies 





Upright MRI was used to measure changes in diaphragm morphology during the 
breathing cycle, in both supine and seated positions in healthy volunteers and subjects 




We obtained ethical approval from the National Research Ethics Committee (reference 
18/WA/0148). The trial is registered with Clinical Trials.Gov (NCT03531775). 
Participants provided written consent before recruitment.  
 
The study was conducted from July to September 2018. General inclusion criteria were 
aged 18 years and over and the ability to provide informed consent, lie flat, and perform 
a 10-second breath-hold. The specific criteria for the patients included the prior diagnosis 
of BDW or COPD with hyperinflation (as evidenced by pulmonary function test or plain 
chest radiograph (CXR) by a respiratory physician. General exclusion criteria were 
standard contraindications to undergoing MRI and inability to fit in the scanner and/or 
coil due to body habitus. Healthy participants were excluded if they had a history of 
chronic respiratory disease and/or significant smoking history (defined as more than 10-
pack-years). History of lung volume reduction procedure was an exclusion criterion for 
the COPD group. Three individuals were excluded at the screening stage: one did not meet 
the MRI safety criteria and two did not fit in the coil. We subsequently recruited twenty 
healthy participants via advertisement, and six subjects with BDW and five with COPD 
with hyperinflation from a tertiary respiratory centre. 
 
In clinical settings, hyperinflation may be diagnosed on either pulmonary function tests 
or CXR. Residual volume (RV), functional residual capacity (FRC), and total lung capacity 
(TLC) are the PFT parameters used to diagnose lung hyperinflation. Hyperinflation is 
diagnosed when these parameters exceed either the upper limit of normal or an arbitrary 
120% of the predicted value (13). It may be diagnosed on CXR if more than six anterior 
ribs or 10 posterior ribs are visible on the midclavicular line. In hyperinflation, the dome 
of the diaphragm is typically seen below the seventh rib (14), and the lung fields are 
hyperlucent. The participants had pulmonary function testing and CXR as part of their 
clinical care. Those results, within six months of recruitment to the study, have been used 
in this paper. 
 
Vital capacity was measured in upright and supine positions, using the CareFusion 
MicroLab Spirometer (CareFusion UK 232 Ltd, Quayside, UK), on the scan day.  
 
All subjects filled the St George’s Respiratory Questionnaire (SGRQ) and Medical 
Research Council (MRC) dyspnoea score before scanning. They also filled a visual 
analogue breathlessness scale following the completion of scanning to report how easy 
or difficult they found breathing in the scanner in the two positions (scale 1-10, with 1 = 




We scanned the subjects in supine and upright (seated) positions at end-inspiration and 
end-expiration on an open-configuration upright 0.5T MRI scanner (Paramed, Genoa, 
Italy) (Figure 1 A-B) with either a four-channel rigid or a single channel flexible body coil 
(both manufactured by Paramed), depending on the body habitus. We acquired three 
sagittal and three coronal plane scans for each of the four conditions, which included 
supine end-inspiration, supine end-expiration, seated end-inspiration, and seated end-
expiration, resulting in a total of 24 scans. No contrast agents were used. 
 
The sequences available on this scanner are limited by gradient interactions with the 
magnet. The scanner offered no gradient echo sequences capable of acquiring multiple 
slices within a single breath-hold. We modified a two-dimensional spin-echo T1-
weighted sequence to include image acquisition triggered using an external Tektronix 
AFG3021 function generator. This minimised the breath hold required for the scan.  The 
scan parameters are shown in Table 1. Half Fourier acquisitions were used for both 
coronal and sagittal scans to reduce the number of phase-encoding steps required. The 




We developed a semi-automated image processing pipeline in MATLAB (MathWorks, 
Natick, MA, USA) to characterise changes in the diaphragm shape. Points were manually 
selected on the diaphragm on each slice. These scattered points were mapped on a 
regularly spaced grid with 2 millimetres spacing (Figure 2 A). The excursion at 
unsampled grid coordinates was estimated with natural neighbour interpolation (NNI). 
NNI is capable of estimating a smooth approximation by finding the closest input points 
to a query point and calculating a weighted average based on adjacency relationships and 
volume ratios of the Voronoi diagram respectively. The final average surface was 
estimated by repeatedly alternating between rigid registrations of the individual three 
coronal and three sagittal point clouds to the points sampled from the average surface of 
the previous iteration, and the estimation of a new average surface which is the surface 
fitted to the merged registered point clouds (Figure 2 A-B). Iterative closest point 
registration was used for aligning the point clouds.  
 
We compared the change in each morphological parameter with the breathing cycle in 
seated and supine positions. Diaphragm morphology was characterised by five 
morphological parameters (indicated on Figure 1 C-D): volume under the dome of the 
diaphragm (VuD), excursion of each hemidiaphragm, and left-right and anterior-
posterior extensions. VuD was defined as the volume between the diaphragm surface and 
a planar base surface spanning axially at the most inferior point of the diaphragm. The 
excursion was measured as the maximum perpendicular distance between this planar 
base surface and the hemidiaphragm surface in cranio-caudal direction. The extension of 
the diaphragm surface was measured axially in anterior-posterior and left-right 
directions by calculating the distance between the most lateral points, in the sagittal and 




Statistical analysis was performed in SPSS (IBM Corporation, version 26.0). Paired t-test 
and analysis of variance (ANOVA) were used for within-group comparison of the results. 
Welch’s t-test was used to compare the healthy volunteer group with the COPD and BDW 
groups. A p-value<0.05 was considered statistically significant for these tests.  
 
The Pearson correlation coefficient was used to assess whether the change in VuD during 
the breathing cycle (end-inspiration – end-expiration) in the seated position compared 
to the supine position correlated with the postural change in vital capacity with p<0.05 
considered statistically significant. VuD was chosen as the most representative value for 
comparison as it is a composite measurement of the other four parameters obtained and 
representative of diaphragm function. Hence, it is the best diaphragm parameter to 
compare with vital capacity. 
 
To assess reproducibility, each scan (e.g. coronal plane scan at end-inspiration in seated 
position) was repeated three times, and ANOVA was used for statistical assessment of 




All subjects were able to complete the 24 scans. Subject demographics, lung function 
parameters, and respiratory questionnaire scores are summarised in Table 2. 
Representative coronal and sagittal plane images of the three groups are depicted in 
Figure 3. 
 
Change in diaphragm morphology 
 
Table 3 summarises assessment of diaphragm morphology and changes with posture and 
the breathing cycle, using the five morphological parameters. 
 
In all groups, all diaphragm morphological parameters increased at end-inspiration 
compared to end-expiration in the seated (Table 3 and Figure 4). In the healthy 
volunteers, there was a statistically significant increase at end-inspiration in all 
parameters in both postures (p<0.0001 for all parameters). In the BDW group, the 
increase in VuD and anterior-posterior extension at end-inspiration was statistically 
significant only in the supine position (p=0.012 and 0.011, respectively), while a 
statistically significant change in left-right extension was seen in both postures. However, 
the excursion of the hemidiaphragms was not significantly changed with the breathing 
cycle at either posture. In the COPD group, in contrast, the increase in left-right extension 
at end-inspiration was statistically significant in both seated and supine positions 
(p=0.002 and 0.008, respectively); however, a significant increase in the other four 
parameters was only seen in the seated position. 
 
The difference in the change in the morphological parameters with the breathing cycle 
(end-inspiration – end-expiration) for the two postures, between the healthy volunteers 
and the two patient groups, are summarised in Table 4. Individual subject values are 
shown in Figure 3. The absolute change in each parameter with the breathing cycle was 
greater in the healthy volunteers compared to the BDW and COPD groups. The change in 
VuD and excursion of the right and left hemidiaphragms was significantly greater in the 
healthy volunteers than the BDW group only in the supine position (p=0.0017, 0.0439, 
and 0.0075, respectively), while the change in anterior-posterior extension was 
significantly greater in both postures; no significant difference between the two groups 
was found in the left-right extension.  
 
The pattern of change in the COPD group was different from that seen in the BDW group. 
The change in VuD and excursion of the right and left hemidiaphragms was significantly 
greater in the supine position for the healthy volunteers compared to the COPD group 
(p=0.0125, 0.0479, and 0.0281, respectively), whilst the change in left-right extension 
was significantly greater in the seated position (p=0.003). No significant difference 
between the two groups was found in the anterior-posterior extension, in contrast to the 
BDW group.  
 
Correlation with Vital Capacity & Reproducibility 
 
No statistically significant correlation was found between the postural change in vital 
capacity and the change in VuD during the breathing cycle (end-inspiration – end-
expiration) in either group (healthy volunteer group: r = 0.25, p = 0.28; BDW group: r = 
0.60, p = 0.21; COPD group: r = 0.28, p = 0.65). Each participant was scanned three times 
in the same posture for each breathing manoeuvre. The MRI scans were reproducible 
within all groups, and no statistically significant within-subject variation between the 




A number of approaches have been developed to evaluate diaphragm function in health 
and disease (8). Whilst imaging approaches can reveal both anatomical and functional 
information, these usually require the patient to be supine, which may be poorly tolerated 
by patients with respiratory disease (8,9,12). This study aimed to evaluate the utility of a 
low-field upright MRI system to develop a patient-acceptable protocol to assess the effect 
of posture on diaphragm morphology and function in healthy adults and subjects with 
potentially abnormal diaphragm function.  
 
The main findings of this study are as follows. First, all subjects were able to undergo 
imaging using the upright MRI scanner. Subjects with COPD or BDW reported feeling 
more breathless during supine imaging, although limiting the breath-holds to a maximum 
of 10 seconds ensured successful scanning of all participants. The scanner has an open-
configuration, and no claustrophobia was reported.  
 
All three groups, except for two participants with COPD, showed an increase in VuD at 
end-inspiration. However, the magnitude of the increase was largest in the healthy 
volunteers, with little difference between seated and supine. The increase in VuD at end-
inspiration was smaller for the BDW group in the supine position compared to the seated 
position and was very low for the COPD group particularly when supine. In two 
participants with  COPD, VuD decreased at end-inspiration in the supine position.  In both 
participants, a paradoxical decrease in left hemidiaphragm excursion and anterior-
posterior extension was observed at end-inspiration in the supine position. VuD is 
impacted the excursion of the hemidiaphragms and the left-right and anterior-posterior 
extension. Hence the reduction in the left hemidiaphragm excursion and anterior-




Looking at the excursion of the hemidiaphragms, in the healthy participants, the 
excursion did not differ significantly with a change in posture. This differs from a 
previous study (15), where diaphragmatic excursion was assessed in sitting and supine 
position in an upright 0.5T MRI system, where a greater excursion was observed in the 
supine position compared to the sitting position. However, in the previous study, image 
acquisition was performed during free-breathing and the images were not obtained at 
end-inspiration and end-expiration. For analysis, a composite image was made from 
images at the end-inspiration phase and the end-expiration phase. Therefore, the 
investigators did not compare images at end-inspiration and expiration separately. 
Hence, this composite image analysis approach may account for the difference between 
the two studies. 
 
Both patient groups showed a smaller increase in hemidiaphragm excursion at end-
inspiration compared with the healthy volunteers, and these differences were 
significantly smaller in the supine position, as with the VuD. A drop of 30-50% in vital 
capacity in patients with BDW is expected on moving from upright to supine position 
(9,16),  in fact we only measured a drop of about 20% in vital capacity in our group at the 
time of scanning. This may suggest that there had been a partial improvement in 
diaphragm function in our BDW cohort since the initial diagnosis.  
 
A different pattern of change was seen in the anterior-posterior and left-right extensions. 
In the healthy volunteers, the diaphragm was further extended in both directions at end-
inspiration in the seated position compared to the supine position. However, the 
diaphragm was extended to a statistically significant smaller degree in the left-right 
directions in the BDW group compared to the healthy volunteers in both postures, which 
contrasted with the COPD group, in whom a smaller extension in the anterior-posterior 
direction was observed in both postures. This may suggest that diaphragm fibres are 
affected by different mechanisms in these two groups or that different muscle fibre 
groups are affected. 
 
The similarities in diaphragm morphology and function between the two patient groups 
are of interest. Respiratory muscle dysfunction in COPD is well-established (17-19). 
Diaphragm dysfunction has been previously demonstrated (20-22), with diaphragm 
thinning, shortening of its fibres, and subsequent compromising of its force-generating 
capacity as the main characteristics of altered diaphragm morphology and function in 
COPD (6,7,22). In our groups, the severity and similarity of overall respiratory 
dysfunction are further demonstrated by the similar MRC dyspnoea and SGRQ scores. 
Additionally, it is also possible that abnormal diaphragm movement is more severe in the 
COPD group than has previously been appreciated. However, this pilot study had 
insufficient numbers of subjects to address this issue entirely. 
 
Furthermore, the observed diaphragm dysfunction may in part explain the rapid eye 
movement (REM) sleep related hypoventilation leading to desaturation and hypercapnia 
seen in some patients with COPD or BDW (16,23) as accessory muscles are paralysed 
during REM sleep.  
 
The main limitation of this study is the small number of individuals with BDW and COPD 
with hyperinflation. Although vital capacity in upright and supine position is the 
commonest pulmonary function test used to assess diaphragm function, sniff nasal 
inspiratory pressure and maximum inspiratory pressure are other frequently used tests 
(8,24,25), which were not available in the present study. Additionally, some abnormal 
diaphragm motion may only be seen during free-breathing, rather than at end-inspiration 
or end-expiration. The 0.5T Paramed scanner used does not have cardio-respiratory 
gating and images obtained during free-breathing are severely degraded due to motion 
artefact. Hence, in this study we concentrated on analysing images at end-inspiration and 
end-expiration. 
 
Improved diaphragm mechanics have been reported in COPD following endobronchial 
valve insertion (26,27). Plethysmography and CT have shown increased diaphragm 
length and force-generating capacity following lung volume reduction surgery (28-30), 
all of which contribute to improved quality of life in patients. Hence, it would be of 
interest to study diaphragm function and morphology using MR pre- and post-volume 
reduction procedure. It may also shed light on cases where patients continue to report 
feeling of shortness of breath post-intervention, in whom diaphragm function may have 
remained impaired and account for the symptoms.  
 
Additionally, this MRI system may be used in patients with diaphragm palsy who are 
commenced on non-invasive ventilation (NIV) to assess the change in diaphragm 
morphology overtime with NIV or lack thereof. Similarly, in selected cases with BDW who 
undergo diaphragmatic plication for symptomatic improvements, MR imaging can be 
used to target the worst affected side to maximise the improvement. 
 
In summary, in this pilot study, we have demonstrated that it is feasible to use a 
combination of upright and supine MRI in an open-configuration system to assess the 
impact of posture on diaphragm morphology and function in patients with diaphragm 
weakness and those with COPD with hyperinflation. Patients tolerated scanning in this 
scanner, in particular for the upright image acquisition, suggesting this configuration may 
have a useful role to play in assessing diaphragm structure and function in a range of 
respiratory and other condition. 
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TABLES 
 
Table 1: Scan parameters 
Parameters Sagittal Coronal 
Echo time (milliseconds) 12 12 
Repetition time (milliseconds) 162 or 185 162 
Flip angle (degrees) 90 90 
Field of view (centimetre) 36-38 36-38 
Matrix 128 x 160 128 x 160 
Number of slices 7-8 7-8 
Slice thickness (millimetre) 6 6 
Inter-slice gap (millimetre) 21 or 26 16 or 21 or 26 
Half scans were used. 
 
Table 2: Subject demographics & baseline measurements 
Group Healthy volunteers BDW COPD with hyperinflation 
Demographics    
  number 20 6 5 
  Male : female 9:11 1:5 2:3 
  Age (years)  34±9.7 61.3±11 67±7.7 
Smoking status    
  smoker 0 0 1 
  ex-smoker 3* 3 4 
  never-smoker 17 3 0 
Body Mass Index 25±5 29.4±7.8 24.6±2.8 
FEV1    
                   upright (Litre) 3.5±0.8 1.6±0.6 1.4±0.6 
                   upright (% predicted) 98.2±12.9 74.3±20 53.3±9.1 
                   supine (Litre) 3.3±0.7 1.2±0.6 1.2±0.6 
                   supine (% predicted) 92.5±10.9 62±25.6 47.7±10.3 
                  Postural change % 4.1±0.8 12.3±10.3 5±5 
Vital capacity    
  upright (Litre) 4.3±1 2.1±1 2.7±1 
  upright (% predicted) 101±16 78±35.6 91±8 
  supine (Litre) 4.1±0.8 1.6±1 2±1 
  supine (% predicted) 97±16 58.7±35.4 80±10 
  postural change % 3.9±4.3 19.3±5.7 11±8 
Residual volume % - - 169.7±36.7 
Functional residual capacity %  - - 142±14.7 
MRC dyspnoea score 1±0 2.7±0.8 3±1 
SGRQ total score 0±0 37.3±17.4 41.3±21.2 
visual analogue breathlessness 
scale score 
   
  upright 1.2±0.4 2.3±1.0 1.0±0.0 
  supine 1.3 ±1.1 4.5±1.9 3.0±2.0 
The values listed are in the format mean ± standard deviation. 
* These three subjects all had less than two pack years of smoking history. 
ABBREVIATIONS: BDW = bilateral diaphragm weakness, COPD = chronic obstructive pulmonary disease, 
FEV1 = forced expiratory volume in 1 second, MRC = Medical Research Council, SGRQ = St George’s 
Respiratory Questionnaire 
 
Table 3: The baseline diaphragm parameters for each group 
 
seated p-value* supine p-value* 
end-inspiration end-expiration  end-inspiration end-expiration  
VuD# Healthy 1450±630 820±300 <0.0001 1500±500 840±290 <0.0001 
BDW 1273.7±650.8 837.7±244.0 0.07 1260.5±476.0 1012.8±351.9 0.01 
COPD 1509.0±987.6 1117.7±725.3 0.02 1351.1±584.8 1330±565.6 0.45 
Right excursion^  Healthy 75±14 541±8 <0.0001 72.3±9.5 58.1±10.4 <0.0001 
BDW 69.9±29.6 60.4±14.8 0.17 77.0±25.0 73.9±18.4 0.28 
COPD 66.9±29.9 49.9±22.4 0.02 60.4±14.1 56.9±11.8 0.26 
Left excursion ^ Healthy 64±13 44±10 <0.0001 62.4±9.7 40.8±8.0 <0.0001 
BDW 61.4±27.3 48.9±21.4 0.15 56.9±26.4 52.0±23.2 0.17 
COPD 59.3±30.7 42.2±16.1 0.03 52.4±13.1 51.3±12.7 0.45 
Left-Right Extension ^ Healthy 240±27 221.3±21.3 <0.0001 249.1±24.8 230.1±22.2 <0.0001 
BDW 227.4±202.8 208.9±27.8 0.02 232.9±35.4 213.1±25.9 0.02 
COPD 257.9±35.0 245.8±31.9 0.002 265.6±32.4 252.8±31.6 0.008 
Anterior-Posterior 
Extension ^ 
Healthy 142±22 122.4±27.6 <0.0001 142.6±25.6 125.0±20.7 <0.0001 
BDW 154.0±19.4 145.3±20.4 0.05 152.8±21.7 136.4±16.0 0.01 
COPD 168.1±34.6 156.3±39.3 0.02 157.9±31.7 170.8±51.6 0.29 
The values listed are in the format mean ± standard deviation. 
* Paired t-test was used; the bold values denote statistical significance. 
# Unit of measure = millilitre  
^ Unit of measure = millimetre 
ABBREVIATIONS: BDW = bilateral diaphragm weakness, COPD = chronic obstructive pulmonary disease, VuD = volume under the dome  
 
 
Table 4: The change in diaphragm parameters from end-expiration to end-inspiration at each posture  
Parameter Posture healthy BDW p-value1 COPD p-value2 
VuD # seated 634±413 436±240 0.24 391±312 0.09 
supine 621±326 248±192 0.002 21±404 0.01 
Right excursion^ seated 21±10 9±22 0.14 17±13 0.28 
supine 14±11 3±12 0.04 3±11 0.04 
Left excursion^ seated 21±10 12±27 0.26 17±16 0.35 
supine 20±11 5±12 0.007 1±17 0.03 
Left-right extension ^ seated 22±12 18±17 0.28 12±5 0.003 
supine 19±9 20±18 0.45 13±7 0.08 
Anterior-Posterior extension ^ seated 19±16 9±11 0.04 12±9 0.11 
supine 18±12 16±12 0.04 -13±48 0.12 
The values listed are in the format mean ± standard deviation. 
1. Welch t-test was used to compare the healthy group with the BDW group. The bold values denote statistical significance. 
2. Welch t-test was used to compare the healthy group with the COPD group. The bold values denote statistical significance. 
# Unit of measure = millilitre  
^ Unit of measure = millimetre 




Figure 1 -  A subject can be seen  in the upright scanner position supine (A.) and seated 
(B.). Lines indicative of the excursion of the two hemidiaphragms and left-right and 
anterior-posterior extensions are drawn on coronal (C.) and sagittal (D.) plane images of 
a healthy volunteer. VuD is the volume between the diaphragm surface and a planar base 
surface spanning axially at the most inferior point of the diaphragm. 
 
Figure 2 – A. Illustration of three overlaid coronal and sagittal surfaces estimated from 
the manually selected scattered points. B. The final average surface constructed from the 
individual coronal and sagittal surfaces. 
 
Figure 3 - These are representative coronal and sagittal plane images of the three cohort. 
These non-contrast images were acquired on a Paramed open upright 0.5T MRI scanner.  
A. 34-year-old male healthy volunteer with 2% postural change in vital capacity. B. 49-
year-old female with BDW with 29% postural change in vital capacity. C. 57-year-old 
female with COPD with hyperinflation with 23% postural change vital capacity. 
 
Figure 4 - The change in the five parameters of diaphragm morphology with the 
breathing cycle in seated and supine positions is shown for each group: A. VuD, B. right 
hemidiaphragm excursion, C. left hemidiaphragm excursion, D. anterior-posterior 
extension, and E. left-right extension, The circles represent the parameter value. The 
black lines connect end-expiration circle in the seated position to end-inspiration circle 
in the seated position and end-expiration circle in the seated position to end-inspiration 
circle in the supine position for each participant. The grey line connects the end-




Figure 1 -  A subject can be seen in the upright scanner position supine (A.) and seated 
(B.). Lines indicative of the excursion of the two hemidiaphragms and left-right and 
anterior-posterior extensions are drawn on coronal (C.) and sagittal (D.) plane images of 
a healthy volunteer. VuD is the volume between the diaphragm surface and a planar base 





Figure 2 – These are representative composite coronal and sagittal images of a healthy participant at end-expiration in the sitting position. 
A. Illustration of three overlaid coronal and sagittal surfaces estimated from the manually selected scattered points. B. The final average 
surface constructed from the individual coronal and sagittal surfaces. 
ABBREVIATIONS: cor = coronal, mm = millimetre, sag = sagittal, sit-exp = sitting at end-expiration 
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Figure 3 - These are representative coronal and sagittal plane images of the three cohort. These non-contrast images were acquired on a 
Paramed open upright 0.5T MRI scanner.  A. 34-year-old male healthy volunteer with 2% postural change in vital capacity. B. 49-year-old 





Figure 4 - The change in the five parameters of diaphragm morphology with the 
breathing cycle in seated and supine positions is shown for each group: A. VuD, B. right 
hemidiaphragm excursion, C. left hemidiaphragm excursion, D. anterior-posterior 
extension, and E. left-right extension, The circles represent the parameter value. The 
black lines connect end-expiration circle in the seated position to end-inspiration circle 
in the seated position and end-expiration circle in the seated position to end-inspiration 
circle in the supine position for each participant. The grey line connects the end-
inspiration circle in the seated position to the end-expiration circle in the supine position. 
 
 
 
 
